We study deep inelastic scattering (DIS) of charged leptons from polarised spin-1/2 hadrons in terms of the gauge/gravity duality. We calculate the structure functions related to spin-1/2 fermionic operators of N = 4 SYM theory in the planar limit and at strong coupling. Specifically, we focus on the twist-3 operator which is dual to a certain dilatino mode and gives the leading contribution to the hadronic tensor. We consider the Bjorken variable within the parametric range λ −1/2 SY M ≪ x < 1 where the supergravity dual description holds. From dimensional reduction of type IIB supergravity on the five-sphere, we derive the interaction terms involving two dilatini and a massless vector field mode. This vector field is a linear combination of certain components of the graviton and the four-form potential. The angular integrals on the five-sphere lead to selection rules for the interactions with important consequences on the dynamics. This implies the existence of new terms contributing to the structure functions that we explicitly calculate. The leading contribution comes from the Pauli term, followed by the contributions from the new terms we found.
Introduction
In this work we calculate the hadronic tensor related to certain spin-1/2 fermionic operators of the strongly coupled N = 4 supersymmetric Yang-Mills (SYM) theory with gauge group SU(N), in the large-N limit, considering the range λ −1/2 SY M ≪ x < 1, where x is the Bjorken parameter, while the 't Hooft coupling is defined as λ SY M ≡ g 2 Y M N. This is carried out within the framework of the gauge/gravity duality, i.e. in terms of type IIB supergravity. The physical process corresponds to the polarised deep inelastic scattering (DIS) of charged leptons off spin-1/2 hadrons. We assume the hadron to be represented by a dilatino field mode of type IIB supergravity on AdS 5 × S 5 . We focus on the leading contribution to the hadronic tensor in the high energy limit (Λ 2 ≪ q 2 ) which in the above conditions is given by the twist-3 fermionic operator O (6) k=0 defined below. In a pioneering work Polchinski and Strassler [1] have used the gauge/gravity duality to calculate the structure functions of glueballs as well as spin-1/2 fermions. In order to induce confinement in the gauge field theory they introduce an IR cutoff in the AdS 5 spacetime. They distinguish three different dynamical regimes in terms of the Bjorken parameter: a) the case λ SY M ) where that approximation breaks down and therefore the holographic Pomeron techniques are useful to calculate the structure functions. Specifically, in [1] glueballs have been studied in the three parametric regimes. On the other hand, for the spin-1/2 fermions they only studied the supergravity regime by considering only the minimal coupling, which as we show in the present work, does not lead to the complete answer in terms of a consistent spontaneous compactification of type IIB supergravity on the five-sphere. Gao and Xiao [2] have studied DIS and elastic scattering on a polarised spin-1/2 hadron in similar terms as in [1] , i.e. considering the virtual photon represented by a graviphoton, but not including the fluctuations of the four-form potential as we will describe below. Later on Gao and Mou [3] have considered some effects of introducing by hand a Pauli term in an effective five-dimensional action. They also have shown how to obtain the Pauli term from a 6-dimensional model, however they have not derived this term from a consistent dimensional reduction of type IIB supergravity on S 5 . Moreover, in [2] they associate the minimal coupling with the calculation of the polarised proton structure functions. On the other hand, in [3] they focus on the polarised neutron-like structure functions where only the Pauli term appears. From a purely five-dimensional bottom-up perspective, in principle, there would not be an apparent restriction to switch on/off the minimal interaction and Pauli interaction terms as done in [2] and [3] .
The first task we carry out in the present work is a first-principles derivation of the five-dimensional interaction of two dilatini with a vector field from type IIB supergravity. This is essential since it makes possible for us to calculate the relative constants between the Pauli and the minimal interaction terms. Then, from our present calculation based on a consistent compactification of type IIB supergravity we show that all dilatino modes become charged under the isometry group of the five-sphere. Thus, both the Pauli interaction and minimal interaction terms contribute in all cases, i.e. from a top-down holographic dual calculation it is not possible to turn on/off by hand any of those terms. In this way, it exposes certain important limitations related to the bottom-up approach.
We would like to emphasize that the consistent approach in the present context implies that the spin-1/2 hadron, holographically represented by a dilatino field mode, interacts with a virtual photon, which is represented by a supergravity massless vector field mode. This vector field is precisely given by a linear combination of the off-diagonal graviton components and certain components of the four-form potential of the ten-dimensional type IIB supergravity theory. The consistent reduction on S 5 of the spin-1/2 fermionic sector including interactions is in fact a non-trivial task. As already mentioned we have done it specifically for the cubic interaction terms involving two dilatini and a massless vector field. This is very interesting because it permits to unveil very important new effects for the DIS problem of the N = 4 SYM theory that we have found and introduce in the following sections. In addition, for the small-x regime a heuristic approach has been developed in [4] , while a first-principles derivation of all structure functions for the spin-1/2 fermions has been developed in [5] where the small-x regime has been investigated from closed string scattering amplitudes in type IIB superstring theory for polarised DIS. A very important remaining aspect is to develop a fully consistent holographic dual description of polarised DIS of charged leptons from spin-1/2 hadrons in the whole range of the Bjorken parameter. Therefore, in order to carry out this programme we need to investigate the structure functions of the hadronic tensor in the λ −1/2 SY M ≪ x < 1 range, in terms of a fully consistent treatment from type IIB supergravity. This is what we carry out in the present work.
Specifically, we consider the contributions to the hadronic tensor given by the operators: O (6) k ∼tr(F + λ N =4 X k ) and O (13) k ∼ tr(F 2 + λ N =4 X k ) with k ≥ 0, where the trace is taken over the adjoint representation of SU(N) [6] . λ N =4 represents left Weyl fermions 4 while X are real scalars. They all belong to the gauge supermultiplet of N = 4 SYM theory. F + is the self-dual two-form field strength. The O (6) k operators belong to the SU(4) R irreducible representations 4 * , 20 * , 60 * , and so on, with k = 0, 1, 2, etc., being their SO(1, 3)×SO(1, 1)× SU(4) R quantum numbers (1/2, 0), ∆ = k + 7 2 , and (1, k, 0), respectively. On the other hand, for O (13) k operators the corresponding SU(4) R irreducible representations are 4, 20, 60, and so on for the k = 0, 1, 2, etc. Their SO(1, 3) × SO(1, 1) × SU(4) R quantum numbers are (0, 1/2), ∆ = k + corresponding dual dilatino field modes, recall that after dimensional reduction on S 5 there are two towers of dilatino Kaluza-Klein modes λ ± k [7] . The tower of five-dimensional dilatino modes λ operators. The dimensional reduction of type IIB supergravity on the five-sphere including the dilatino interactions (in ten dimensions) leads to a five-dimensional effective supergravity action which includes interaction terms beyond the minimal coupling for the dilatino. We would like to emphasize that we carry out a first-principles derivation from type IIB supergravity, which is distinct from other previous papers focusing on the DIS structure functions of spin-1/2 hadrons. Also, as we shall explain below this derivation of the cubic interactions with two dilatini and a vector field mode has not been derived previously, at least in the way we present it. The angular integrals lead to very interesting selection rules for the interactions with important consequences on the dynamics for both supergravity and N = 4 SYM theory. These imply the existence of new terms in the calculation of the structure functions of the spin-1/2 hadrons in comparison with references [1, 2, 3] . We have explicitly calculated the contributions of each type of interaction to the structure functions, and obtained that the contributions from the minimal coupling given in [1] are very small as shown in figures 3, 4, 5 and 6 and table 1 of our present work, while the Pauli term renders very substantial contributions to them. Although the Pauli term was considered in [3] we have obtained the first complete calculation of the relative contributions of both terms. Moreover, we have found that the new terms, those given by the selection rules which we have obtained in this work, as well as the ones obtained from the Feynman diagrams of forward Compton scattering with both the minimal coupling vertex and the Pauli vertex in the s-channel, provide additional contributions to the structure functions which are very important in comparison with the minimal coupling contribution. Also, from type IIB supergravity we derive relations between different structure functions.
In order to derive the interactions from type IIB supergravity we follow a similar procedure as previously proposed in references [8] and [9] , where it has been analysed cubic interaction terms with s I scalars [8] and s I , t I and φ I scalars [9] , in order to obtain three-point correlation functions of a proper extension of chiral primary operators [9] . In our present work the crucial difference is that we now consider cubic interactions of two spin-1/2 fermions coupled to a vector field mode 5 . Due to the lack of a simple covariant action for type IIB supergravity due to the self-duality condition, it is proposed to work with the covariant equations of motion (EOM) in order to firstly obtain the quadratic terms and from them one can construct an effective interaction Lagrangian. Besides, another possibility could be to consider the covariant action proposed in reference [11] , however in this case the calculation turns out to be very complicated due to the auxiliary fields that it contains. It is interesting to emphasize that in order to calculate the normalisation constant between the two-and threepoint correlation functions the authors of reference [8] have done a comparison of their results with those of reference [11] . In our case, the unknown normalisation constants of the structure functions of the holographic hadrons are just overall factors, which can be written in terms of a single overall constant. Thus, we anticipate that the final result of the complete calculation of the hadronic tensor will just have a single normalisation constant (a 0 defined in Section 4.2), i.e. there is only one free parameter which is the same for all the structure functions.
The application of the AdS/CFT duality to deep inelastic scattering has been studied in a number of interesting papers. For instance, investigations including the eikonal approach have been done in [12, 13, 14, 15, 16, 17, 18, 19, 20, 21] . Also, other different aspects of deep inelastic scattering have been studied in terms of the AdS/CFT correspondence in [22, 23, 24, 25, 26, 27] . In reference [28] it has been studied DIS of charged leptons from holographic scalar and vector mesons for the D3D7, D4D8 anti-D8, and D4D6 anti-D6-brane models for a single flavor, while in [29] it was considered the multi-flavored case in terms of both type IIA and type IIB supergravities. Scalar and vector mesons structure functions in the x << λ SY M −1/2 regime using superstring theory have been calculated in [30] and [31] . Moreover, 1/N 2 corrections to deep inelastic scattering from the gauge/gravity duality have been derived for glueballs in [32] , while in [33] the 1/N expansion from the D3D7-brane system has been obtained for scalar mesons. Also, 1/N corrections to F 1 and F 2 structure functions of vector mesons from type IIB supergravity have been obtained in [34] . In these cases the interesting result is that 1/N corrections fit substantially better the corresponding lattice QCD results for the pion and the ρ meson in comparison with previous results in the planar limit. Moreover, in [35] the role of the chiral anomaly and the Chern-Simons term in the structure of glueballs has been investigated. Another compelling result is presented in [5] where DIS of charged leptons from polarised spin-1/2 hadrons has been investigated at small x from type IIB superstring theory, obtaining the antisymmetric structure function g 1 , which has been fitted to experimental data from COMPASS Collaboration [36] for the corresponding function g p 1 of the proton, with a χ 2 per degree of freedom of 1.074. This encourages to continue exploring high energy scattering processes in particle physics in terms of the AdS/CFT duality.
The work is organized as follows. In Section 2 we obtain the cubic interaction terms of two dilatini and a vector field from type IIB supergravity. We firstly derive the EOM of the dilatino field coupled to a vector field mode B l a with l ≥ 1, which is a linear combination of the off-diagonal components of the graviton and the AdS 5 vector components of the fourform potential. Then, we consider the special case of l = 1, i.e. the massless vector field mode B 1 a , and obtain the explicit form of the contribution of all the corresponding cubic interaction terms involving two dilatini and a massless vector field to the five-dimensional supergravity action. In Section 3 we give some definitions of the hadronic tensor. In Section 4 calculate explicitly all the corresponding structure functions of the hadronic tensor using the holographic dual prescription, focusing on the case of the twist-3 spin-1/2 fermionic operator. In Section 5 we introduce our results corresponding to polarised structure functions associated with the twist-3 spin-1/2 fermionic operator. In Section 6 we write the discussion and the conclusions. Some details of the calculations are shown in two appendices.
2 Cubic interaction terms of two dilatini and a vector field from type IIB supergravity
The five-dimensional IIB supergravity compactification on AdS 5 × S 5 has been carried out by Kim, Romans and van Nieuwenhuizen using harmonic analysis on the five-sphere [7] , obtaining the mass spectrum for all fields. In this section we derive the five-dimensional cubic interaction terms between two dilatini and a vector field from type IIB supergravity. This vector field B a is a linear combination of off-diagonal graviton fluctuations of the form h aα , and the four-form potential fluctuations with one index on AdS 5 and three indices on S 5 , denoted by a aαβγ , being both ten-dimensional fields of type IIB supergravity. The vector field modes can be massless or massive, and we discuss both situations in general terms. As anticipated in the introduction we carry out a procedure which is somehow anologous to the derivation of the cubic interaction terms involving two scalars of the type s I and one scalar of the type t I or φ I developed in references [8, 9] 6 , in the sense that we begin with the linearised EOMs of the dilatino and the field B a in type IIB supergravity and add fluctuations to them. To our knowledge the interactions between dilatini and the vector field modes B a that we derive in this work have not been considered in previous literature.
Let us recall that the bosonic field content of type IIB supergravity includes the graviton, a complex scalar, a complex two-index antisymmetric tensor, and a real four-index antisymmetric tensor A P QRS that we call the four-form potential. M, N, P, · · · = 0, · · · , 9 denote ten-dimensional curved indices. On the other hand, the fermionic sector contains a chiral complex gravitino and a chiral complex spin-1/2 fermion (the dilatinoλ) of opposite chirality.
Derivation of the dilatino EOM coupled to a vector field B l a
In order to derive the cubic interaction terms with two dilatini and a vector field let us consider the covariant EOMs of type IIB supergravity fields. Then, we can add second order corrections in the supergravity fields to the linearised contributions. This method has been 6 Recall that the scalars s I and t I are mixtures of the four-form potential fluctuations a αβγδ on S 5 with the trace of the graviton on S 5 (h α α ), while the scalar φ I is given by the graviton fluctuations on S 5 (h αβ ).
used by Lee, Minwalla, Rangamani and Seiberg in [8] considering cubic interaction terms involving s I scalars. Also, Arutyunov and Frolov used these ideas to obtain cubic and quartic Lagrangians [9, 37] . In our case we must derive interactions between two dilatiniλ and a vector field mode B l a . Specifically, for the DIS calculation we consider we need the massless mode of this vector field B 1 a , i.e. l = 1. The type IIB supergravity EOMs for the ten-dimensional metric and the five-form field strength are [7] 7
where M, N, O, . . . are curved indices in ten dimensions. The second equation is the selfduality condition for F 5 . The symbol * stands for the ten-dimensional Hodge dual operator. The five-form field strength is given by
A solution of the above equations is given by the AdS 5 × S 5 background with a constant five-form field strength and a constant dilaton field, while the rest of supergravity fields are zero,
where a, · · · e and α, · · · , ǫ are AdS 5 and S 5 curved indices, respectively. We use the mostly plus four-dimensional Minkowski metric η µν = diag(−1, +1, +1, +1). We have set to one the radius of S 5 as well as the scale of the AdS 5 space. Now, we consider the fluctuations of the ten-dimensional type IIB supergravity fields which can be written as follows
where the label 0 indicates the background fields solution. The EOMs for the bosonic and fermionic fields linearised in fluctuations of the fields on the AdS 5 × S 5 background have been obtained in reference [7] . Bosonic and fermionic fluctuations have been expanded in scalar, vector and spinor spherical harmonics on S 5 respectively, obtaining the bosonic and fermionic mass spectra. In the present work we are 7 There is a minus sign of difference in comparison with equation (2.1) of Kim, Romans and van Nieuwenhuizen (KRvN) [7] . It comes from the definition of the Ricci tensor which we define as R MN = R K MN K as in [8] , while in [7] it is defined as R interested in the interactions of the dilatino with the massless mode of the vector field B a . Since this field is obtained from the off-diagonal metric perturbations h aα and the four-form potential perturbations a aαβγ , we focus on their EOMs. In order to fix the redundancies coming from the diffeomorphism invariance one imposes the de Donder gauge
where (αβ) indicates symmetrization and traceless. This allows to eliminate certain fluctuations, thus simplifying the EOMs. After imposing the de Donder gauge on the off-diagonal metric fluctuations, they can be expanded in vector spherical harmonics on S 5 [7] 9 h aα (x, y) =
where l = 1, 2, . . . . The coordinates x are on AdS 5 space while the y's are on S 5 .
The fluctuations of the four-form potential which are relevant for us are
The second fluctuation can be rewritten as
The corresponding EOMs to the fluctuations A 
The corresponding irreducible representations of the SU(4) ∼ SO(6) group are 15, 64, 175, . . . for l = 1, 2, 3, . . . for both towers of vector modes. The quadratic action with its normalisation constant has been obtained in [38] . In that paper Arutyunov and Frolov 8 ∇ α denotes the covariant derivative. 9 I 5 represents the five indices (l 5 , l 4 , l 3 , l 2 , l 1 ) of the spherical harmonics on S 5 . As shown in equation (10) there is a mass degeneracy, i.e. it only depends on l 5 . Thus, in order to make the notation simpler we can set l 5 ≡ l and drop the indices l 1 , l 2 , l 3 , l 4 . Through this work we use both I 5 (meaning the above five indices) and l = l 5 .
obtained the normalisation by comparison with the covariant action found in reference [11] . As we shall see, in the holographic dual calculation of the DIS process all the normalisation constants of the supergravity fields are included in a single overall factor. Thus, for the calculation of DIS structure functions that we develop in this work we do not need to obtain the normalisation corresponding to the interaction of two dilatini with the vector field. What really matters is the relative constant b 1kj between the minimal coupling interaction and the Pauli interaction terms in the effective five-dimensional action shown in equation (54), that we derive from type IIB supergravity. b 1kj is given in terms of certain angular integrals that we solve. In addition, we determine the values of the coupling Q, which as already commented cannot be zero. Also, for the holographic approach to the DIS we are interested in the interaction with the massless vector modes which are given by setting l = 1 in equation (13) . In this case the vector spherical harmonics are Killing vectors of S 5 . In fact these massless modes are the 15 Yang-Mills gauge fields corresponding to the SU(4) group. Now, we derive the interaction terms between the vector field B l a with l ≥ 1 and the dilatini. We begin with the covariant EOM of the ten-dimensional dilatinoλ, then add second order fluctuations. The EOM reads
In a similar way one can obtain the EOM forλ = iλ † Γ1. The Γ matrices can be written as
satisfying the Clifford algebra
σ 1 and σ 2 are the Pauli matrices. IndicesM,N ,P , . . . ,â,b,ĉ, . . . andα,β,γ, . . . correspond to flat space-time in ten and five dimensions, respectively.
The dilatino field is a right-handed spinor
where
The covariant derivative D M is defined in terms of the spin connection and the operator Q M :
The U(1) connection Q M couples the dilatini with the axio-dilaton field, thus it is irrelevant for the DIS process we are interested in at tree level 10 . We define ΣÂB = 1 4 (ΓÂΓB − ΓBΓÂ) while the spin connection is given in terms of the vielbein
and
By taking into account the off-diagonal metric perturbations one obtains the corresponding first-order corrections to the vielbein. We choose the standard parametrization to describe the vielbein and the Kaluza-Klein fields, obtaining
The vielbein depends on the metric perturbations in the following way
Then, we can collect the first-order terms in the vector fields A a which contribute to the variation of the vielbein δe. Firstly, we analyse the fluctuations of the kinetic term in equation (15) which come from the contraction with the metric. We have to consider the vielbein present in the Γ M D M contraction as well as the two vielbeins in the definition of the spin connection and the Christoffel symbol. We begin with the study of the fluctuations coming from Γ M D M . Thus, we obtain
In the second line of this equation we obtain the factor γ a A I 5 a which has indices running on AdS 5 , which is similar to the minimal coupling. However, there is an additional factor on S 5 , which is the contraction of the vector spherical harmonic Y I 5 α and the covariant derivative. Recall that when l = 1, Y I 5 α becomes a Killing vector on S 5 . Together with another contribution this generates the angular momentum operator associated with the U(1) symmetry. The corresponding spinor spherical harmonics are eigenstates of this operator, and in this way it reduces to the minimal coupling studied in [1] . 10 It would be relevant for one-loop supergravity calculations of the holographic dual description of DIS which correspond to 1 N corrections. Now, let us consider perturbations on the spin connection given by
where we have used the following identities deduced from the commutation relations of the Γ matrices
As a consistency check one can show that the non-gauge invariant terms of the form ∇ · A which come from the vielbein perturbations cancel exactly with those coming from the Christoffel symbols, thus leading to a gauge invariant result as expected. Now, let us write all the terms induced by the off-diagonal metric perturbations on Γ M D M acting on the dilatino. We obtain
where we have defined the tensorF
a , related to the gauge field coming from the off-diagonal metric perturbation. In equation (29) the term O(ψ 3 ) indicates that this expansion includes quadratic terms in the fluctuations of the considered fields. ψ here denotes linear fluctuations of the type IIB supergravity fields.
Note that in order to obtain the above equation we have expanded the fermionic field λ of equation (18) in terms of the spinor spherical harmonics on
which satisfy the corresponding Dirac equations
The construction of the spinor spherical harmonics on S 5 can be done iteratively from lower dimensional spheres using the method developed in [39] . Another way to construct them has been studied in reference [40] from Killing spinors on S 5 .
Also, to obtain equation (29) Now, let us focus on the perturbations of the four-form potential at first order which are relevant for the case we consider. Thus, we have
. At first order it corresponds to a mass term in AdS 5 which adds to the D'Alambertian operator coming from the kinetic term. In order to obtain the second order perturbations we note that F 5 includes vector perturbations related to the vector components of the four-form potential given in equation (11) . These perturbations lead to the following contributions to
abαβγ and f (4) abcαβ . We can write the F 5 fluctuations by using the decomposition in spherical harmonics which leads to
There is a sum over indices of the spherical harmonics on S 5 that we omit to simplify the notation. The rest of the fluctuations can be written as
where we have defined a new two-form field strengthF
a . After some algebra, and using properties of the gamma matrices we obtain
11 Note that this operator reduces to i Finally, we consider the contributions of the fluctuations of the vielbein to the contraction of ΓM ···P with F 5 , leading to
The EOMs of the dilatino field modes λ ± k corrected to second order in the perturbations of the fields read
where m
and m
are the masses of the Kaluza-Klein dilatino modes λ ± k . Note that we again have omitted the sum for λ
Interaction terms of two dilatini with a massless vector field mode B 1 a
Now, let us study the perturbations associated with a massless vector mode. Such perturbations correspond to setting l = 1, therefore the corresponding vector spherical harmonic on S 5 is a Killing vector on the sphere: Y 1 α = v α , which satisfies the equation
In order to obtain the interactions with two dilatini we now consider the massless vector mode B 1 a . Thus, we obtain
The term in the line (46) vanishes since it contains the EOM of the massless vector field at first order γ a ∇ b F ba = 0, where we have defined a third type of two-form field strength:
which turns out to be a linear combination of the form
ab . In fact, the term (46) introduces cubic corrections which are irrelevant for the calculation we are interested in. The contribution of line (45) can be simplified by noting that the Killing vector v α satisfies the EOM of the vector spherical harmonics for l = 1, and it exactly cancels the last term in the line (47), as explicitly shown below:
The operator multiplying to γ a B 1 a in equation (44) is associated with an angular momentum operator. If the Killing vector v 1 is associated with the angle θ 1 the operator becomes the usual angular momentum operator i ∂ ∂θ 1 . The spinor spherical harmonics are charge eigenstates of this operator and generate the minimal coupling term used in the holographic dual DIS calculations [1] 
Next, one has to project the spinor on the spinor spherical harmonics Θ ± k , expressing the result in terms of angular integrals on S
where a 1kj and b 1kj correspond to the following angular integrals 12 :
The integral b 1kj can be simplified and rewritten in terms of the first term 13 . In addition, starting from the EOM forλ one arrives to a consistent result. In this way the interactions that we obtain do not have higher order derivatives and can be directly derived from an effective five-dimensional action. Thus, it is not necessary to carry out non-linear redefinitions of the fields as discussed in references [9, 41] .
Finally, we obtain the five-dimensional cubic interaction terms, which are relevant for the holographic dual description of DIS that we are interested in
The first term is similar to the minimal coupling given in [1] , though now we explicitly indicate that the massless vector field is a linear combination of the AdS 5 vector components of metric and the four-form potential. Also, this term displays the interactions for all possible dilatino modes labeled with the subindex k. Recall that Q depends on each spinor and cannot be zero. This is a crucial difference with respect to [3] , and it comes from the fact that equation (54) is directly derived from type IIB supergravity. On the other hand, for the Pauli term an interesting comment is that b ±,± 1kj and b ∓,± 1kj are constants obtained from angular integrals on S 5 , which we calculate in the following sections and in Appendix A for the case of the twist-3 operator. Another important remark is that the Pauli interaction allows for the mixing of dilatino modes of the two towers (i.e. λ ± ) with labels k and k ± 1 through the interaction given by the third term as explained in Section 4.3.2. Also notice that since this effective action contains both kind of dilatino modes λ ± , it permits to investigate the contributions of both O (6) k and O (13) k N = 4 SYM theory operators to the current-current OPE which leads to the hadronic tensor.
Although the normalisation constant K can be obtained, for the DIS process we consider in the present work it is not important since there will be other normalisation constants related to the wave-functions of the dilatino and the massless vector field, which we can write as a single overall factor for the expression of the hadronic tensor, thus being the same 12 Also, we have to consider the ± indices related to the fermionic modes λ for all the corresponding structure functions. Therefore, effectively there will be just one single parameter for the whole set of structure functions, namely |a 0 |. The holographic dual description of the DIS process that we consider requires tree-level Feynman-Witten diagrams involving spin-1/2 hadrons and the electromagnetic current.
3 Hadronic tensor of spin-1/2 hadrons
The structure of hadrons can be characterized by the hadronic tensor W µν associated to deep inelastic scattering. In this process a charged lepton interacts with a hadron by the exchange of a virtual photon with four-momentum q µ , the photon probes the hadron which decays into the final states X . Schematically this process is represented in figure 1 , where P µ denotes the four-momentum of the initial hadron and P µ X denotes the total four-momentum of the final hadron states. The relevant kinematic variable is the Bjorken parameter x = −q 2 /(2P · q) which is kept fixed in the DIS limit q → ∞. The hadronic tensor can be written in terms of the sum of symmetric and antisymmetric parts
and for an incident hadron with spin 1/2 the hadronic tensor can be decomposed in eight structure functions [42, 43] 
where M is the mass of the incident hadron and S µ its spin vector defined as
We are using the mostly plus metric η µν = diag(−1, 1, 1, 1). It is worth mentioning that in QCD the structure functions g 3 , g 4 , g 5 and F 3 vanish for the electromagnetic DIS. However, in this work we consider an IR deformation of the chiral theory N = 4 SYM, therefore it leads to a non-vanishing F 3 and g i with i = 3, 4, 5.
Using the optical theorem one obtains the relations
where the tensor T µν is defined by the time-ordered expectation value of two electromagnetic currents inside the hadron
while its imaginary part can be expressed as
where J µ is the electromagnetic current inside the hadron and the tensor can be expressed in terms of a sum over the intermediate states X . The optical theorem has been used to obtain equation (61).
4 Structure functions of polarised spin-1/2 hadrons from type IIB supergravity
In this section we carry out the holographic dual calculation of all the structure functions corresponding to the DIS process of a charged lepton off a polarised spin-1/2 hadron which is represented by a dilatino field mode. Since we consider the regime λ −1/2 SY M ≪ x < 1 of the Bjorken parameter we use type IIB supergravity compactified on AdS 5 × S 5 . The starting point is the five-dimensional action that we have derived in Section 2 given by equation (54). Essentially, it contains two very different types of terms, namely: the first one corresponding to the minimal coupling, and the second one which is the so-called Pauli term (the second and third terms of (54)). There are several crucial differences with respect to the calculations of references [2] and [3] . The first one is that we have derived all fermionic interactions from first principles using type IIB supergravity as explained in Section 2. This allows us to calculate the relative constants b 1kj 's between the terms of equation (54). Therefore, we obtain the precise contribution of these terms to the hadronic tensor and the structure functions. Also, from the angular integrals on S 5 we obtain selection rules (previously unknown) that in the case of the minimal coupling preserve the nature of the incident hadron. Interestingly, in the case of the Pauli interaction the selection rules give also a mixing of the initial and the intermediate states with certain specific quantum numbers, in addition to the case where the initial and intermediate states are the same.
The gauge/string duality relates the large N limit of the conformal SU(N) N = 4 SYM theory with type IIB superstring theory on AdS 5 × S 5 . In order to study the DIS procces we need to break the conformal invariance by introducing a confinement scale Λ. Thus, it leads to the so-called hard-wall model proposed by Polchinski and Strasler [1] , where the conformal symmetry is broken by introducing a cut-off z 0 = 1/Λ in the fifth coordinate of AdS 5 . This leads to a mass gap for the hadrons.
The electromagnetic current inside the hadron comes from gauging the global U(1) R symmetry subgroup of the SU(4) R R-symmetry group of N = 4 SYM theory. The electromagnetic current operator inserted at the boundary of the AdS 5 induces a non-normalizable B 1 a (x) gauge field Kaluza-Klein mode which propagates in the bulk. As explained in Section 2 the vector field B 1 a (x) is associated with a fluctuation of the metric and the four-form potential of the type IIB supergravity. The U(1) R is dual to an U(1) subgroup of the SO(6) isometry group of the S 5 , with Killing vector v α . Recall that x a with a = 0, 1, . . . , 4 are coordinates on AdS 5 , then we split (x a ) = (x µ , z) where Greek indices µ, ν, · · · = 0, 1, 2, 3 and z is the fifth coordinate.
In the Lorentz-like gauge
the vector field satisfies the following Maxwell-Einstein equations in AdS 5
with the boundary condition
where q · x = q ν x ν . The solutions of the above equations with the boundary condition are given by
The Pauli term contains the F µν tensor, which can be simplified by using the recurrence properties of the Bessel functions, obtaining the following expressions in terms of the modified Bessel functions of second kind,
The holographic spin-1/2 hadron corresponds to the dilatino field in type IIB supergravity. From equation (30) we can expand the spinors in terms of spherical harmonics Θ ± k (y α ) which are solutions of the Dirac operator with positive or negative eigenvalues (31) . These generate two Kaluza-Klein mass towers for spin-1/2 fermions λ (twist τ = k + 5), which belong to the 4, 20, 60, · · · , representations of the R-symmetry group. Properties of these operators are summarized in the table 7 of reference [6] 14 .
We consider the λ − (x µ , z) mode with k = 0 since it has the minimal twist τ = 3, therefore providing the leading contribution to the hadronic tensor of spin-1/2 fermions. The λ − k (x µ , z) dilatino mode in AdS 5 satisfies the Dirac equation 15 with massm
14 Notice that in the 
k operators, and reciprocally (see [7] ). 15 Note that in reference [44] the authors consider the Euclidean case without a cut-off, therefore their solutions are different.
The normalisable solution with four-momentum
where a + and a − are spinors satisfying γ 5 a ± = ±a ± and C is a normalisation constant. This solution solves the Bessel differential equation obtained after acting with γ n ∂ n on the Dirac equation (69). Then, using the Dirac equation we find that these spinors are related by a + = i γ µ pµ M a − . We construct the Dirac spinor in four dimensions u σ from a ± = P ± u σ , therefore the solution can be written as
and τ = ∆ − < z. Therefore, in the limit of hard scattering (Λ ≪ q) the interaction occurs in the conformal region near the boundary,
In this region, we can expand the wave-function of the incident hadron in the DIS limit (Λ ∼ M ≪ q) up to second order in M/q, obtaining
In order to obtain the polarised structure functions we have expanded up to second order the initial hadron wave-function. In the non-polarised case of reference [1] this is not necessary. For the intermediate state, the approximation does not hold since M X ∼ q and we have to use the complete wave function,
The selection rules derived from the angular integrals allow the interaction with the fermionic states of the 4, 20, 60, . . . representations of SU(4) (recall that in terms of the SYM theory these correspond to O 
. Analogously, we calculate the wave-function of the intermediate state with four-momentum P µ X , given bȳ
where the spinorū σX satisfies the Dirac equation.
Selection rules for an incident τ = 3 spin-1/2 fermion
The interaction vertices we consider have coefficients involving integrals over the spinor spherical harmonics. These integrals lead to selection rules for the outgoing fermionic states (or the intermediate states in the related forward Compton scattering) and the type of interactions that occur in the AdS 5 space. In the strongly coupled N = 4 SYM theory the leading contribution to the hadronic tensor comes from the twist τ = 3 operator, therefore k = l 5 = 0 16 and the other quantum number l 1 , l 2 , l 3 and l 4 vanish too, since they satisfy
Following the formalism proposed in reference [39] we obtain the explicit expressions of the spinor spherical harmonics. The case with minimal twist 17 has a degeneration related to the 4* representation and it implies that there are four spin-1/2 fermionic modes λ − 0a with a = 1, 2, 3, 4. We have explicitly verified that the final result does not depend on the choice of the initial state (among the above λ − 0a modes belonging to the 4* irrep). Thus, without loss of generality we choose the following normalised state
) cos(
where the charge is Q = and the sub-index a is associated with the 4 * representation of SU (4) . In the present case we have chosen a = 1. The angles θ i 's correspond to S 5 and they are associated with the l i 's. Now, we carry out the integration between states within the same representation 4 * . This is related to the Pauli term connecting λ 
16 Notice that k ≥ 0 labels the λ ± k dilatino modes, while l ≥ 1 in section 2.1 denotes the B l a modes which in the massless case corresponds to l = 1 (see also footnote 9).
17 Details of the construction of spinor spherical harmonics and higher twist operators will be reported in [45] .
This coupling is very important because when we calculate the associated matrix element, this contribution must be added to the standard minimal coupling contribution, and as we shall see, this has a very important effect on the structure functions. Then, in the calculation of the hadronic tensor (equation (61)) the matrix element is multiplied by its conjugate and for this reason, in addition to the contributions found in the reference [3] , there will be a mixed contribution, involving a minimal coupling vertex on one side and a Pauli interaction vertex on the other side of the forward Compton scattering diagram, which in fact modifies the structure functions. In Section 5 we discuss explicitly the effects of each term for τ = 3.
On the other hand, the coupling between λ − states in the 4 * representation with λ + states in the 4 representation is controlled by the following integrals which come from the third term in the effective action (54)
where the sub-index a = 3 represents a state associated with the O (13) k=1 operator. This corresponds to l 1 = 0. In this case the corresponding fermionic states have both the same Q, namely:
. These are the only non-vanishing integrals. In figure 2 we detail the Feynman diagrams corresponding to the matrix elements of the electromagnetic current inside the hadron in terms of their dual type IIB supergravity fields representation. These diagrams are the building blocks to construct the corresponding forward Compton scattering Feynman diagrams which allow to derive the hadronic tensor. The first diagram, which connects the initial state with same final state, corresponds to the minimal coupling. The other diagrams with dotted vertices correspond to the Pauli interactions. The −(+) sign in the kets denote the representation 4* (4) of SU(4) R of the dual SYM operators, respectively.
The minimal coupling contributions
Let us consider an incident hadron of (four-dimensional) mass M i , whose holographic dual representation is given by a Kaluza-Klein mode of mass 18 m i from the spontaneous compactification of type IIB supergravity on AdS 5 × S 5 . Its wave-function has been obtained 18 Recall that m i is the mass of the Kaluza-Klein mode coming from the dimensional reduction of the dilatino field on S 5 . Here we considerm i ≡ −m i which is positive for the O 2 . Now, since the mass M X is of the same order as q, we cannot use the same approximation as for the incident hadron. Thus, we must use the complete solution (75). Next, we consider the contribution to the five-dimensional action (54) from the minimal coupling split in two integrals
where I 1 and I 2 correspond to the integrals of theλ
The explicit calculations are given in Appendix B.
Then, the matrix elements of J µ are given by the following expressions Then, by summing over the intermediate states we obtain the hadronic tensor
and from it we derive the contribution to all the structure functions corresponding to the minimal coupling exclusively. We use the superscript m to denote minimal coupling,
having defined the constant a 0 = 2πc
from the minimal coupling term in equation (54), the minimal coupling contributions lead to β we also recover the result of [1] . Also, recall that for τ = 3 we have Q = 
The Pauli term contributions
Now, we focus on the contributions from the Pauli interaction term. As mentioned, the angular integrals on S 5 lead to certain selection rules. For τ = 3 spin-1/2 fermionic operators there are two possibilities in terms of the sign of the mass of each tower the Kaluza-Klein modes on S 5 [7] . The dual SYM theory operator of twist 3 and spin 1/2 is O 2 . Since the mass is of the same order as q we cannot approximate it, thus we must use the complete solution of equation (75).
Let us calculate the relevant contribution from the Pauli interaction term separated in their µ and z components as follows
Now, the corresponding integrals in AdS 5 which lead to the matrix elements of the current are
20 Notice that as in Section 4.2 we have omitted the constant
12 , which implies that the contribution to the structure functions from of this subsection must be multiplied by β where the superscript P here stands for the Pauli term. Thus, we have
having used that
Next step is to rewrite the integrals in terms of the twist τ i =m i + 3/2, which leads to
If we consider the selection rule τ i = τ X it reduces to the case discussed by Gao and Mou [3] . For the integral I P 2 we may proceed in a similar way
Again we consider the selection rule τ i = τ X = τ , and obtain the following matrix elements:
where the constants are given by
where c 0 =
K. In this case there is an additional factor 2 with respect to the results of Gao and Mou [3] that we have checked in our calculations. Finally, we obtain the corresponding contributions to the structure functions coming from the Pauli term with no mixing of initial and intermediate states (
These functions have several differences compared with the corresponding results of Gao and Mou due to the factor 2 described above. In this case the incident hadron is represented by the dilatino mode given in equation (74), while the intermediate state corresponds to a Kaluza-Klein mode of positive mass given by equation (77). As before we separate the µ and z contributions from the Pauli term matrix elements of the current
Now, we apply the selection rules we found, namely: k X = k i ± 1. With this we obtain the following set of constants:
where τ i = τ . Then, for the process λ
we obtain the following contributions to the structure functions. The superscript P + indicates that the intermediate state is λ + k X , so that k X = k i + 1.
where 2 F 1 is the hypergeometric function and B(x, a, b) is the incomplete Beta function. Analogously, for the process λ
we obtain the following contributions to the structure functions. The superscript P − indicates that the intermediate state is λ
We should notice that all these contributions F 
The mixed contribution from minimal coupling and Pauli vertices
In addition to the set of contributions we have already calculated, there is a mixed contribution corresponding to a Feynman diagram for the forward Compton scattering in which there is a minimal coupling vertex and a Pauli vertex. This leads to matrix elements of the hadronic tensor of the form
where the matrix elements of the currents correspond to contributions from minimal coupling or Pauli interaction term. The superscript c indicates crossed-term contributions. The structure functions from crossed terms are:
5 Results of the structure functions from the τ = 3 spin-1/2 fermionic operator
In the previous section we have obtained the contributions coming form each Feynman diagram to the structure functions related to spin-1/2 fermionic operators. The complete expression for each structure function can be written as the sum of those contributions with relative constants multiplying each diagram. The referred constants are given in terms of certain angular integrals that we explicitly calculate for τ = 3. Thus, the general form of the structure functions is
and there is a similar expression for the g i structure functions. The β constants in equation (135) are straightfordwarly related to the b 1kj angular integrals, being their explict relations given in Appendix A. β m is the constant related to the minimal coupling, being β m = Q 3
. Then, β P is the constant associated with Pauli interaction diagrams with the selection rule τ i = τ X , i.e. with no mixing of states between the incident and the intermediate hadrons. In addition, in terms of the optical theorem there is also an s-channel Feynman diagram containing both the minimal coupling vertex and the Pauli interaction vertex. This is associated with the third contribution F c i that we call crossed-terms contribution. The relative constant associated with this contribution is given by the product of β m and β P . In addition, β + and β − correspond to relative constants of Feynman diagrams with Pauli interactions with incoming states dual to the operator O (6) k but intermediate states dual to O (13) k ′ with k ′ = k + 1 and k ′ = k − 1, respectively. These contributions that couple fermionic modes of the two different Kaluza-Klein towers of the type IIB supergravity compactified on S 5 have not been studied in previous papers on DIS. The detailed calculation for general twist operators needs the construction of general spinor spherical harmonics on S 5 . Since in this work we focus on the case of τ = 3, we leave the general case to be discussed in a forthcoming work [45] . However, by adding all the mentioned contributions to each structure function one obtains the following relations which hold for any twist:
This is an important general twist result of the present work which is valid in the regime λ −1/2 SY M ≪ x < 1. Also, it is interesting to emphasize that the structure functions F 1 and F 2 above, which include all possible contributions discussed in this work do not satisfy the same relation as in the case considered by Polchinski and Strassler (F 2 = 2F 1 ), where they have only included the minimal coupling. This is a consistent result, since from hadron phenomenology it is expected a non-vanishing longitudinal structure function. Also, there are differences with respect to [2] and [3] . In [2] they only included the minimal coupling interaction, while in [3] only the Pauli term was considered. As already commented, we have done a fully consistent derivation from type IIB supergravity, thus the relations (136) and (137) should be regarded as the complete set of Callan-Gross type of relations for all spin-1/2 hadrons related to the O (6) k operators of the planar limit of the strongly coupled N = 4 SYM theory within λ −1/2 SY M ≪ x < 1. Let us now discuss more explicitly the case with τ = 3, which leads to the most important contribution to the Operator Product Expansion (OPE) of two electromagnetic currents inside the hadron at strong 't Hooft coupling and large N (1 ≪ λ SY M ≪ N) in the DIS limit, since this is the lowest twist operator in that parametric regime. The corresponding SYM theory operator is O (6) k=0 which has the minimal conformal dimension ∆ = 7 2 . The dual supergravity field mode has the quantum numbers of its spinor spherical harmonic (l 5 , l 4 , l 3 , l 2 , l 1 ) = (0, 0, 0, 0, 0). In particular, the identification k = l 5 = 0 implies that τ = 3, while l 1 = 0 leads to Q = 1 2 , being Q defined in equation (50). For τ = 3 the constants in equation (135) can be explicitly calculated, obtaining
Now, we can draw the corresponding structure functions for τ = 3. In each figure we describe the different contributions to the structure functions from each term. 
k=0 . The meaning of the curves is analogous as describe in figure 3. 
k=0 . The meaning of the curves is analogous as describe in figure 3 .
In this case the diagram connecting an initial state with k i = l 5 with an intermediate state with k X = l 5 − 1 is not present since l 5 = 0. We have found a very interesting result, namely: for all the structure functions the contributions from the minimal coupling (orange curves) are very small in comparison with the rest of contributions. Also, in table 1 we can appreciate the numerical value of the maximum (or minimun value whenever it corresponds) of each curve, which shows that the minimal coupling contribution is very small in comparison with the rest of contributions. Indeed, within the Bjorken parameter range 0.4 ≤ x ≤ 1 the dominant contribution comes from the Pauli term (green curves), followed by the crossed-terms contributions (red curves) which appear with opposite sign (except for g 3 ). Surprisingly, the minimal coupling contributions are really much less significant -0.0014 g P + 3
0.0025 Table 1 : Maximum values (M.V.) (or minimum values wherever there is a negative sign) of the curves depited in figures 3, 4, 5 and 6. We have set |a 0 | = 1.
in comparison with the previously mentioned contributions as well as the total contribution (blue curves). By virtue of the relations (136) and (137), this holds for all structure functions. This implies that the theoretical calculation from first principles of all contributions to the forward Compton scattering as well as the relative constants β's that we have performed in the present work are very important in order to give the precise contribution of each term. Thus, we observe that the dominant contribution for F 1 , F 2 and g 2 comes from the Feynman diagram of figure 2 with the Pauli vertex (the dotted vertex in the first line), being the outgoing state identical to the incoming one. However, the crossed term in the forward Compton scattering Feynman diagram produces a certain suppression. On the other hand, in the case of g 3 the crossed term gives a contribution which enhances the contribution from the Pauli term. This behaviour is different in comparison with the other structure functions.
The contribution of the Feynman diagrams which couple to the other tower of KaluzaKlein modes with positive five-dimensional masses becomes significant for smaller values of the Bjorken parameter, having a pick around x = 0.35. For larger values of x its contribution becomes much smaller than the Pauli one.
Discussion and conclusions
In this work we have investigated the polarised deep inelastic scattering of charged leptons off spin-1/2 hadrons in the N = 4 SYM theory deformed by the introduction of the IR scale Λ. Using the gauge/gravity duality we have calculated the structure functions in the large N limit, and at strong coupling, focusing on the contribution of the leading twist operator. The analysis has been carried out in the Bjorken parameter range λ −1/2 SY M ≪ x < 1, where we can use the type IIB supergravity description. It is important to emphasize that our results are derived from first principles (top-down approach) and it implies considering the complete supergravity interactions at the leading order in the 1 N expansion (tree-level Witten diagrams), which ultimately can be obtained from the type IIB superstring theory in AdS 5 × S 5 in the α ′ → 0 limit. These results contrast with the previously calculated ones, which were obtained using either only the minimal coupling interaction (within a top-down approach) [1] or including the Pauli interaction in the framework of bottom-up models [2, 3] .
In order to perform the analysis by considering the complete set of interactions, we need to obtain the interaction vertices from the ten-dimensional type IIB supergravity action. However, since the five-form field strength obeys a self-duality constraint in type IIB supergravity, there is no simple covariant action and the constraint needs to be imposed after deriving the equations of motion. For this reason, we have focused on the covariant equations of motion and expanded the ten-dimensional fields in their Kaluza-Klein modes. Thus, we have derived the field equations up to second order in the corresponding fluctuations. Finally, we have constructed the five-dimensional effective action up to cubic order in the fields with dilatino modes and the massless gauge field. The interaction terms are the minimal coupling term and the Pauli term, with relative constants between both interactions which depend on the angular integrals of spinor spherical harmonics. The derivation we have done for the interaction terms of the spin-1/2 fermionic field modes with a massless gauge field has not been carried out previously. Thus, it opens several potential interesting directions to further explore. For instance, it would be very interesting to use this action to obtain the three-point functions on N = 4 SYM theory involving fermionic operators. Also, using an analogous approach as considered in this work it would be interesting to unveil the effects of the new terms of the effective action on Drell-Yang processes, form factors and other observables.
At this point we should emphasize the importance of having developed a first-principle derivation of the effective five-dimensional supergravity action directly from type IIB supergravity. First, it allows us to find all the consistent interactions involving two dilatini with a massless vector field mode. Then, by constructing the corresponding spinor spherical harmonics followed by solving the corresponding angular integrals on S 5 , we discover new selection rules between incident and intermediate fermionic states. Moreover, these integrals give the precise values of all the relative constants in front of each contribution, allowing us to calculate the complete set of structure functions from the analysis of the dual twist-3 spin-1/2 operator. The selection rules have been obtained from the evaluation of the spinor spherical harmonics integrals and we have found, that in adittion to the minimal coupling term and the Pauli term studied in [1, 3] , there is a new interaction between states in different irreducible representations of SU(4) (the other Kaluza-Klein tower with λ . This is also a novel effect.
